Various mixtures co nta inin g co mbinations of CO2, O2, or CO have been photoionized at 16.7 and 21.2 eV at pressures up to 1.5 torr in the NBS high pressure photoionization mass spectrometer. In CO2-C O mixtures the interactions of CO; ion s eventually lead to the formation of (COh+ and [(CO),. C02J+ clu ster ions, while photoionization of CO2 -CO-02 mixtures yields mainly oxygen-co ntainin g clusters at higher pressures. The investigation of 0 2'CO mixtures also revealed reactions between Ot and CO. The role of impurity reactions involvin g H2 0 is consid ered in some detail , and th e im plications of all of these data to th e vapor phase radiolysis of CO2 is discussed.
Introduction
The apparent stability of CO2 towards ionizing radiation in the vapor phase is a well-documented phenomenon [1),1 and the exte nsive literature on this subject strongly s uggests the dominant role of ions in whatever mechanism is responsible for the reoxidation of CO to CO2. The various arguments involved in reaching this conclusion have been outlined in detail in the review by Anderson and Dominey [1] . A -recent article by Parkes [2] has considered the possible role of negative ions, but th e magnitude of the measured rate constants for the probable anionic reactions are far too low to account for the observed radiation effects.
It is known [3] , however, that COt parent cations will react with O2 to yield 01' ions , which, in turn, associate with CO2 at higher pressures to yield (02 ' CO2)+; On the basis of these observations, Parkes [2] has suggested an alternative mechanism for the radiolysis which involves a ttack of (02 . CO2)+ on CO:
followed by
• This work supported in part by the U.S. Atomic Energy Commissioo . .
-rFigures -in brack~t s indicate the literature references at th e end of this paper. (3) Since CO: is regenerated, this overall sequence would represent a c hain mechanism for destruction of the accumulated radiolysis products. Essentially the same formalism, again involving COt as an intermediate, was originally proposed by Clay e t al. [4] to explain the c hain oxidation of CO also observed in the radiolysis of 02-CO mixtures. However, reactions 3 and 4 have not been detected experimentally as of this writing, and the exact mechanism for the radiation effects still remains unresolved.
In a recent article from this laboratory [5] we described the results of experiments involving the NBS High Pressure Mass · Spectrometer . in whic h N20 was photoionized at elevated pressures in the presence of its radiolytic decomposition products N 2, NO, and O2 , and a number of novel ionic reactions were discovered which had remained undetected in other mass spectrometric studies. As a result of these experiments the radiolysis of N20 was reevaluated and several of the observed chemical effects were rationalized in terms of these new cationic reactions.
Our goal in the present study was to investigate the positive ion chemistry occurring in mixtures of CO2 with CO and O2 , in the hope of detecting reactions which might also account for the observed radiation stability of this molecule. These efforts were also extended to the 02-CO system.
Experimental Procedures
All of the experiments reported here were carried out with the NBS High P ress ure Photoionization Mass Spectrometer using the self-enclosed Ne (16.66-16.84 eV) and He (21.2 eV) resonance lamps as ionization sources. The adaptation of these lamps to the reaction chamber has been described in a recent article from this laboratory [5] , and the methodology involved in deriving rate coefficients and other kinetic parameters has also been discussed elsewhere [6] . All of the experiments were carried out at room temperature under such conditions that the reactant ions have a kinetic energy distribution corresponding to kT at 300 K (thermal ions).
Results and Discussion

Pure C02
The behavior observed when CO2 (I.P.= 13.79 eV) [7] was photoionized at 21.2 e V over the pressure range to approximately 1 torr is given in figure 1 . At
In addition, the (02 • CO2)+ ion formed in this manner also associates with a second molecule of CO2 at higher pressures, although the fractional yield in pure CO2 is too small to show over the pressure range covered by figure 1.
At pressures greater than approximately 0.01 torr the (C02 )~ association ion was detected; (7) 0.5 5 10 50 100
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Under our experimental conditions (300 K, 21.2 eV photoionization) we derive a termolecular rate coefficient for this process of 3.3 ± 0.3 X 10-28 cm 6 /molecule 2 ·s using the growth curve for (C02)~ at pressures below 0.03 torr, which compares favorably with the value of 3.0x 10-28 cm 6 /molecule 2 -s reported by
Paulson et al. [9] in electron impact ionization experiments. We cannot confirm or deny the occurrence of overall processes such as (5) which is quantitative for removal of the minor 0+ fragment ion from the system. Although we did not attempt to derive an accurate rate coefficient for this reaction, our decay curve for 0+ is consistent with rate constants in the range 0.8 to 1.2 X 10 -9 cm 3 /molecule-s reported for this process from other laboratories [3, 8] . ·The O~ produced from the reaction of 0+ with CO2 reacts with CO2 at pressures greater than a few tenths of a torr to yield the (02 • CO2)+ association ion (where n > 2) at higher pressures, although higher order processes of this type were observed by Schildcrout and Franklin [8] in electron impact ionization experiments at pressures in the range from 0.05 to approximately 1 torr. In any event, regardless of the exact mechanism at higher pressures, the formation of (C02)~ is essentially quantitative above 0.6 torr. We also observed, for the first time, the formation of (C02 )t, which reaches a level of 2.5% of the total ionization in CO2 at 1 torr total pressure (see fig. 1 ).
Impurity Reactions in C02
In spite of the most judicious handling of the CO2 samples used in this study, several ions appeared in the composite mass spectrum at pressures approaching 1 torr which could be assigned to interactions of (C02)~ and (02 . CO2)+ with residual water present in the mass spectrometer. Particularly "wet" samples typically gave high pressure mass spectra which included m/e 36, (H30+' OH), m/e 50, (02 , H20)+, m/e 62, (H20' CO2)+, and m/e 106, [(C02)z' H20] +. The formation of these ions could be ascribed to the following reactions: (C02): + H20 -(C02 ' H20)+ + CO2 All of these reactions represe nt "switc hing" mechani s ms in which a more weakly bound e ntity is replaced by a more strongly bound ne utral (H2 0). The product ion appearing at m/ e 36 is assigned the structure H30 + -OH since it has been shown [10] that OH is displaced from the colli sion complex when this ion interacts with another molec ule of water.
Process 12 has also b een observed by Good e t al. [10] in ionized moist oxygen and air.
The water vapor content . in our various samples cannot, of course, be determin ed accurately since the level corresponds to residual adsorbed m'aterial within the mass spectrom ete r syste m. Howe ver, b ecause the water-containing clusters are more stable than those containin g CO2 , th e CO2 -containing clusters will eventually find a water molec ule if given sufficient reaction tim e. Th e analogous behavior has also been found in thi s laboratory [5] in photoionized N2 0 at higher pressures. Our "driest" experiments in pure CO2 us ually yielded a composite mass s pectrum containing 3 to 4 percent [( C02 )2 • H2 0] +, and no other water-containing iop s, at a CO2 pressure of 1 torr. It is from these experim e nts that the c urves given in figure 1 are constructed.
Pure CO
Pure CO, (I.P. = 14.01 eV) w'as studied at both 16.7 and 21.2 eV. The only reaction chann el observed was the termolec ular association reaction CO CO + + CO ~ (CO)t (14) for which a rate coefficient of 1.48 ± 0.08 X 10-28 cm 6 /molecule 2 -s was derived. This value agrees very well with the value of 1.44 X 1O -2~ cm 6 /mole--cule 2 -s r eported by Chong and Franklin [ill as a result of electron impact ionization experiments.
CO 2 -CO Mixtures
Various CO2 -CO mixtures, which varied in composition from 0.3 to 50 mol percent CO, were investigated at both 16.7 and 21.2 eV. As the pressure was increased in such mixtures the CO + ion, produced by the direct photoionization of the CO compone nt, was observed to charge exchan ge efficie ntly with CO2 to yield CO;;
Our rate coefficient for this near-resonant process,
1.42 ± 0.20 X 10 -9 c m 3 /molecule-s , falls between that reported by Fehsenfeld et al. [12] (1.1 X 10- 9 ) and S childcrout and Franklin [8.1 (2.0 X 10-9 ), and ·is independent of photon energy within the experimental error. As the total pressure was increased in CO2 -CO mixtures a rather complex and unexpected reaction scheme was observed involving co nsec utive reactions of association ions. This behavior is best understood by considering the data obtained from a CO2 sample containing 0.33 percent added CO ( fig. 2) . Because this sample contains essentially trace quantities of added CO, the initial reactions involve only the bulk component, CO2 , as evidenced by the formation of the (C02 )t dimer ion;
However, in contrast to pure CO2 , the yield of (C02)t reaches a level of only 15 percent of the total ionization at approximately 0.15 torr, and then decreases rapidly to zero at pressures greater than 0.6 torr. Over this same pressure range two new major ions appear in the mass spectrum. These are, in order of appearance, m/e 72, (C02 • CO)+, which reaches a maximum at 0.16 torr and then decreases rapidly, indicating further reaction , and finally m/e 56, (CO)1" , which is the major ionic species present above 0. 
(IS)
It is interesting to note that (CO' CO2)+ and (CO) t were also reported by Schildcrout et al. [13] , as being formed in an irreproducible manner in a mass spectrometric study of ion-neutral reactions occurring in CO2 during decomposition via a radio frequency discharge. The fact that these ions were seen is understandable when o~considers that CO is a major CO2
decomposition product in such experiments, and would therefore participate in the reaction sequence indicated by processes 7, 16, and 17. The abundance of the CO containing clusters would depend very critically on the extent of CO2 decomposition, which would account for the reported irreproducibility of the (CO' CO2 )+ and (COn ion signals.
The net result of reactions 16, 17, and IS is equivalent to the following overall conversion:
Taking ~Hf for (C0 2)t as == 539 kJ/mol [11] , CO as -109 kJ/mol, CO2 as -393 kJ/mol, and (CO): as ~ 1020 kJ/mol [14] the overall sequence represented by eq (19) is exothermic by approximately 22 kcal/mol (92 kJ/mol). Although we did not attempt to evaluate specific rate coefficients for the various switching reactions in which CO is substituted for CO2 in the ion clusters, it can be estimated that these processes occur at essentially every collision of (C02): and (CO . CO2) + with CO. Furthermore, the ionization potentiaf of ~C O)2' f2.S±0.3 e V, reported by Munson et al. [14] , is far below that of CO2 (LP.=13.79 eV) ; which explains why (CO);, once formed, does not charge exchange with CO2 but rather forms the [( CO) 2 . CO2] + association ion.
3.S. Impurity Reactions in CO2 -CO Mixtures
A number of ionic products were observed in CO2 -CO mixtures which could be ascribed to the interactions of CO2-CO cluster ions with water present as an impurity. Data obtained for a particularly wet sample containing nominally 70 percent CO2 and 30 percent CO are given in figure 3 . The initial reaction in ~uch a mixture necessarily involves the bulk -components, CO2 and CO, as evidenced by the rapid appearance of (CO); ions due to processes 7,16, and 17 at pressures below 0.2 torr. As the total pressure is increased above this range, howev er, three new major ions appear in the mass spectrum which can be ascribed to reactions involving Process 20, the displacement of CO by H20, has also been reported to occur in wet CO by Chong and Franklin [11] . The major impurity peak noted in this ' particular experiment ( fig. 3 ) occurs at mle 60. Early in this study we determined that the ionic product at m/e 60 was found in large relative yields in CO and CO 2-CO samples which had been extensively dried prior to introduction into the mass spectrometer, and we concluded at that time that this ion was, in fact, COt produced via reaction with an O2 impurity:
Subsequently, however, we found that the fractional yield of m/ e 60 in a particular experiment was reduced considerably when the CO component was taken from a reservoir of CO which had been maintained at 77 K for several hours. Since trace quantities of O2 would not be removed by this treatment , another source of m/e 60 in the mass spectrum had to be considered. Analytical (70 eV) mass spectrometric analysis of the condensible residue from the CO starting material revealed the presence of mle 60 in the condensate, which we assigned to ionization of a COS impurity (m/e COS + = 60). The substantial yields of mle 60 noted in the earlier experiments could then be explained by -any of the following reactions:
and
all of which are exothermic since the Ionization Potential of COS (11.2 eV) is lower than the recombination energies of the CO and CO2 containing cluster ions. Multiple fractionation of the CO starting material at 77 K ultimately led to the disappearance of mle 60 from the high pressure mass spectra of CO 2 -CO mixtures and pure CO samples.
C0 2-0 2 Mixtures
Several mixtures of O2 in CO2 were also investi gate d at 21.2 e V. The following reaction scheme was observed:
(1) (2) and Although the occurrence of process 6 is reported here for the first ti me , rate constants for the charge exchange reaction involving CO t and the clustering process involving Ot and CO2 have been reported earlier from other laboratories [3] . and O 2 were substantially higher verify that this is the case. The same result was obtained in pure CO samples containing small amounts of added O 2 • In this case the only reactions occurring were: co CO + + CO~(COH (14) followed by:
No other reactions were observed up to 1 torr total pressure. Additional experiments (other than that summarized in fig. 4 ) were carried out in which the mole fraction of the stoichiometric CO-02 mixture in CO2 was varied over the range 0.001 to 0.50. In each of these experiments the major ionic species observed at a total pressure of 1 torr were always either 0:, (02 • CO2 ) +, or [02 • (C02 h] +. No evidence was found for production of COt in any of the CO2 -CO-02 mixtures studied, indicating that the rate coefficient for the reaction is less than 10-12 cm 3 /molecule-s, and that the binding energy in the (02 -CO2 ) + complex is therefore necessarily higher than that in the (02 • CO) + complex. This conclusion is not unreasonable when one considers the fact that the polarizibility of CO2 , (2_59 X 10-24 cm 3 ), is higher than that of CO (1-93 X 10 -24 cm 3 ), and a greater ion-induced dipole attractive force will be operative in the (02 , CO2 ) + association ion assumming the positive charge is localized on the mole~ular oxygen site.
Some Comments on the Radiation Stability of C02
Several conclusions can be drawn from the new data presented here which have a direct bearing on the CO2 radiolysis problem. In the first place, we were unable to find any evidence for the production of COt in a CO2 environment containing various quantities of added CO and/or O2 . As mentioned above, this negative result is apparently related to the higher binding energy in the (02 • CO2)+ complex relative to that in (02 , CO)+. We must therefore conclude that the mechanism proposed recently by Parkes [2] , although attractive due to its c hain character and overall energetics, cannot contribute significantly to the mechanism of the radiolytic decomposition in this system. The alternative explanation must be found in other reactions involving highly clustered ions. We know, for example, the neutral CO is efficiently and irreversibly incorporated into ion clusters initiated by COt, and that the major ionic species present after a few encounters with CO will be (CO) t and solvated species corresponding to (CO): . (C02 )/I. In this sense accumulated CO produced in the radiolysis would act as a sink for the positive ions if the steady-state concentration of O 2 were substantially lower due to its removal at the walls of the vessel (as is observed in the photolysis) [1] , 0 3 formation due to interception of 0 atoms, etc. Although the neutralization products of such CO-containing clusters , as well as any containing O2 , cannot be specified, it is apparent that both of the decomposition products of the CO2 radiolysis, CO and O2, will act as efficient interceptors for CO t or (C02);; species, and it appears likely that the decrease in C(CO) observed at higher conversions in low dose rate experiments is due to modification of the neutralization processes when CO and/or O2 are incorporated into the positive ion clusters.
The 02-CO System
As stated in the Introduction , one of the goals of the present study was to determine whether we could detect any cationic reactions which might account for the radiation-induced chain oxidation of CO in 0 2-C O mixtures. Experimentally, our approach was to admit a relatively high constant pressure of O2 to the reaction chamber (1.5 torr), add increasing quantities of CO, and search for ionic reaction products. As the total pressure is increased in pure O2 in our apparatus the 0: product ion, resulting from the thermolec ular association reaction: (28) dominates the mass s pectrum. Although we did not attempt to derive a rate coe ffi cie nt for thi s relatively slow process, our data are con sis te nt with the rece nt value of 2.5±0.5 X 10-30 cm 6 /molec ule 2 ·s re ported by Howard, et al. [15] . Th e reaction of 0 1 with residual water prese nt in the mass s pectrome te r , yielding mle 50 was detected.
The production of [02 • (H 2 0 h ]+, res ulting from the reaction:
was also noted. A re presentation of a t ypi cal mass spectrum of O 2 (major ion s only) , photoionized at 21.2 e V at a press ure of 1.5 torr , is give n in p art A of th e histogram prese nted as fi gure 5. The results of the add ed CO experim e nts are also gi ven in fi gure 5. It is a ppare nt from thi s histogram that the net overall e ffect of addin g in creasing quantities of CO to O2 is to re move the 0 : ions from th e mass spectrum. The reaction product of 0 : with the water impurity, (0 2 • H2 0 )+, also shows a conc urrent decreas e. In addition to the ion intensities give n in figure 5 , the mass spectrum of the mixture containing 1 percent added CO co ntain ed 0.8 perce nt of mle 60 , and that of the 17 pe rcent mixture contain ed 1.2 percent of mle 60 and 0.6 perce nt of mle 44 (C O:) . Th e mixture containing 50 percent added CO yielded a mass spectrum whi ch contain ed only 0 :. No other ions were detected at a le vel whic h exceeded 10-3 perce nt of the total ionization. Those CO + ions produ ced by the direct photoionization of the CO co mpone nt in these experime nts , as well as any (CO): dim er ions resulting from CO +-C O inte ractions , are not detected under high press ure conditi ons du e to th e rapidity with whic h CO + and (CO)1 c harge exc han ge with the bulk compone nt , O 2 (process 27). Whe th er or not th e s peci es appearin g a t mle 60 in th e more dilute mixtures was actually COt or residual COS in th e CO sample could not be establis hed absolutely, although th e C O startin g material was exte nsively purified a nd th e observation of 0.8 perce nt of ml e 60 (out of 10 total in th e mass s pectrum ) would be in excess of th a t expected from ionizati on of a COS impurity by charge exchange from 0 : or 0 : . The strikin g feature of the hi stogram , of co urse, is th e gradual disa ppearan ce of 0 : as more C O is added , a nd the virtu al a bse nce of a ny ions othe r than 0 :. Obvi ously 0 : is either destroyed by rea ction with CO , or th e producti on of Ot is pre ve nt ed by th e inte raction of 0 1 with C O.
The only likely reaction produ ct in eith er case would be CO; :
Th e fact th at we do not observe CO; as a pwduct (with the possible exception of th e trace yields of mle 60 di scussed above) co uld be du e to eith er of two reasons. (i) Th e total ion tran sit time in our appara tus is on the orde r of 100 /-ts, de pe ndin g to som e exte nt , upon the mass of the c harged s pecies. If the life time of COt produced by either process 31 or 32 is considerably less than 100 /-t s , we would de tect only the 0 1 ions resulting from the dissociation CO r~ CO+O! (33) which would occur after the C O; ions leave the sampling pinhole of the reaction c ha mbe r and ente r the lens region of the mass analyze r. (ii) Alternatively, due to the nature of the experim ent itself, it is possible that CO; once produced , reacts rapidly with CO to yi eld CO: , whi ch would in turn c harge exchange immediately with O2 to yield 0 : (1) This is essentially the sam e mechanism postulated originally b y Clay, et al. [4] and more recently by Willi s , et al.
[l6] to explain the chain oxidation of CO observed in the radiolysis. The requirements of our experiments are such that we were forced to add fairly substantial quantities of CO to the O2 in order to observe any significant reac tion of 0: or 0: with the CO. (!nfortunately, under these conditions, any CO; produced would have ample time to react with the CO additive prior to removal from the reaction c hamber through the ion exist pinhole which leads to the mass filter. This rationale requires that the collision effi· ciency for the reaction of CO; with CO to yield CO t + CO 2 (process 4) be very close to unity since we wo~ld have observed substantial yields of CO:
(providing again that its dissociative lifetime is > 5Q-100 p..s) if the reaction efficiency were on the order of only 1 in 10 collisions. In summary, our experiments involving O2 ·CO mixtures are inconclusive in that we were unable to observe significant yields of those ionic intermediates (CO; and COn which have been suggested as being the c hain carriers in the radiation-induced oxidation of CO. The chain reaction occurring in irradiated CO-02 mixtures is in.hibited by low concentrations of added CO2 [1] . SInce we know that CO; is not produced in CO2 -CO-02 mixtures due to the fact that th e binding energy in the (02 ' CO2 )+ complex is greater than in either CO; or 0 :, it is apparent that the termination step operative in the 0 2-CO radiolysis experiments at higher conversions (excluding ion neutralization) is the formation of (02 ' CO2 )+ or its more highly solvated analoges.
Conclusion
We may co nclude that the ioni c mechanisms occurring in CO2 and 0 2-CO mixtures are still poorly understood. This is particularly true with respec t to the neutralization mechanis ms, which most certainly involve highly clustered negative ions. In view of the large number of catonic clustering reactions we have observed it is apparent that further information is required concerning bindin g e nergies within these clusters and the specific rate constants involved in their production and destru ction before any quantitative picture can be formulated for the radiolysis.
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